OBJECTIVE -Long-term exposure to alcohol is associated with an improvement in insulin sensitivity. At this time, however, there is no definitive proof that alcohol per se has an effect on the insulin sensitivity index (S i ) in type 2 diabetes patients. The aim of the present study was to assess the role of acute moderate alcohol intake on insulin sensitivity and insulin secretion in comparable subjects with and without type 2 diabetes.
R
eports consistently suggest that the intake of a significant amount of alcohol induces a state of insulin resistance, assessed either with oral or intravenous glucose tolerance tests (1-3). However, a large body of epidemiological evidence from cross-sectional studies also suggests long-term exposure to alcohol is associated with an improvement in insulin sensitivity (4 -8). Furthermore, a substantial number of prospective studies indicate that light to moderate chronic alcohol intake improves glucose metabolism and is protective against coronary artery disease in subjects with type 2 diabetes (9 -13). Historically, alcohol use by the diabetic patient has been controversial; however, in light of these premises, moderate alcohol consumption should, at least in part, contribute to improved insulin sensitivity. Indeed, moderate alcohol intake taken with a meal has been shown to have little or no effect on postprandial glycemic excursions, whereas heavy intake yields opposite effects (14 -20) . At this time, however, there is no definitive proof that alcohol per se has an effect on insulin sensitivity in patients with type 2 diabetes. Therefore, the aim of the present study was to test the hypothesis that acute alcohol intake might improve insulin sensitivity and secretion in comparable subjects with and without type 2 diabetes. Moreover, we wished to understand the possible mechanism(s) through which alcohol may affect insulin action.
RESEARCH DESIGN AND
METHODS -Frequently sampled intravenous glucose tolerance tests (FSIGTs) were performed twice on eight (six men and two women) healthy subjects and on eight (seven men and one woman) subjects with type 2 diabetes. All study subjects gave written informed consent before participation. Clinical characteristics are shown in Table 1 . All subjects were customary wine drinkers (Ͻ500 ml of wine [10 -12% wt/vol] per day) and continued their customary daily alcohol intake (130 Ϯ 32 ml of wine per day) during the 30 days before the study started. All participants underwent a full medical history and physical examination and followed an isocaloric diet recorded by a dietitian with three meals daily (50% carbohydrate, 35% fat, and 15% protein) for at least 30 days before the study. The subjects were in good health and maintained a regular lifestyle with no excessive exercise or smoking. Subjects with type 2 diabetes were free from clinical and instrumental evidence of atherosclerotic cardiovascular disease. Glycemic control was achieved with diet alone or with diet plus sulfonylurea or biguanide preparations. Pharmacological treatment for hyperglycemia was stopped at least 3 days before the study; antihypertensive drugs were continued. All participants were asked to fast for at least 12 h before the examination. All subjects were studied at isoglycemia. The Ethical Committee of the School of Medicine of the University of Padova approved the experimental protocol.
Each subject participated in two tests (the study with alcohol and the control study) in random order on separate days. At least 1 week elapsed between two consecutive tests. Subjects were admitted to the University Hospital of Padova after an overnight fast. A 20-gauge butterfly needle was inserted into a dorsal hand vein at 0730, and a blood sample was taken. The hand was then placed in a box heated at 60°C to arterialize venous blood. The patency of the needle was maintained with a controlled saline infusion throughout the study. An 18-gauge cannula was then placed into the controlateral antecubital vein for the injection of glucose and insulin.
For the alcohol study, 40 g of alcohol (administered as vodka 40% wt/vol) were sipped from time Ϫ60 min until the end of the FSIGT (180 min) to allow steadystate blood alcohol concentrations. Blood samples for hormones and substrate measurements were obtained 30 min, 15 min, and immediately before the glucose injection, which occurred at 0830 (time 0). The glucose load (0.3 g/kg body wt) was administered over 1 min. Frequent samples for plasma glucose, lactate, insulin, C-peptide, and free fatty acid (FFA) concentrations were obtained at: 2, 3, 4, 5, 6, 8, 10, 12, 15, 20, 25, 30, 35, 40, 60, 80 , 100, 120, 140, and 180 min. At 20 min, plasma insulin concentration was enhanced by an exogenous square-wave intravenous infusion of regular insulin (0.03 U/kg) lasting 5 min. During the control study, a volume of tap water similar to that for the alcohol study was sipped throughout the test.
Analytical methods
Plasma glucose was measured with the glucose oxidase method on a Beckman glucose analyzer. Blood lactate was measured with a fluorimetric technique that had an overall coefficient of variation (CV) of 5.2 Ϯ 3.8% (21) . The total FFA concentration was determined with a microenzymatic technique (CV 6.9 Ϯ 2.3%) (22) . Plasma insulin and C-peptide were measured by conventional radioimmunoassay (6 Ϯ 4% and 5.3 Ϯ 3.2%, respect i v e l y ) ( 2 3 ) . B l o o d e t h a n o l w a s determined with an enzymatic technique (12 Ϯ 8%). Glycated hemoglobin was assayed with a chromatographic method (24) .
FSIGT data analysis
Total ␤-cell secretion per unit volume is indirectly described by the total area under the concentration curve (AUC) of C-peptide concentration, by the acute insulin response to glucose (AIR g ) from 3 to 10 min, and by the AUC of insulin during the early response (0 -15 min). Parameter insulin sensitivity index (S i ) is obtained from FSIGT data using minimal model analysis, which is a well-accepted measure of whole-body insulin sensitivity (25) . The product S i ϫ AIR g provides the disposition index, an index of ␤-cell function, or compensation (26) . This index is of relevance for understanding the physiological adaptation of insulinemia to the ambient insulin sensitivity.
Calculations and statistical analysis AUC were calculated by integrating with the trapezoidal rule in the early "endogenous" phase (0 -15 min) or during the entire 180 min of the test. All data are presented as mean Ϯ SEM. Statistical comparisons between the different groups and within the groups were performed using the unpaired and paired Student's t test, respectively.
RESULTS -Blood alcohol levels ( Fig.  1) were constant during the FSIGT of the alcohol study in both control and type 2 diabetic subjects. No difference was detected among groups: in control subjects blood alcohol levels were 4.5 Ϯ 0.3 mg/dl (95% CI 3.8 -5.1), 4.9 Ϯ 0.3 (4.2-5.6), and 4.5 Ϯ 0.2 (4.1-4.9) at 60, 120, and 180 min, respectively; in type 2 diabetic subjects, blood alcohol levels were 3.6 Ϯ 0.2 mg/dl (95% CI 3.0 -4.1), 5.4 Ϯ 0.4 (4.6 -6.3), and 3.5 Ϯ 0.2 (2.9 -4.1) at 60, 120, and 180 min, respectively. Basal val- without alcohol compared with 156 Ϯ 9 mmol ⅐ min Ϫ1 ⅐ l Ϫ1 with alcohol (P ϭ 0.075). In type 2 diabetic subjects, lactate AUC significantly increased with alcohol from 150 Ϯ 24 to 228 Ϯ 30 mmol ⅐ min Ϫ1 ⅐ l Ϫ1 (P ϭ 0.0075). With alcohol, lactate AUC was higher in type 2 diabetic subjects compared with control subjects (P ϭ 0.038).
Time courses of FFA are shown in Fig. 4 . AUC was higher in type 2 diabetic subjects than in control subjects in the control study (70 Ϯ 13 vs. 41 Ϯ 3 mmol ⅐ min Ϫ1 ⅐ l Ϫ1 ; P ϭ 0.04). Alcohol slightly reduced FFA by 17% in control subjects (34 Ϯ 4 mmol ⅐ min Ϫ1 ⅐ l
Ϫ1
; P ϭ 0.1), whereas alcohol significantly lowered FFA by 23% in type 2 diabetes (54 Ϯ 10 mmol ⅐ min Ϫ1 ⅐ l Ϫ1 ; P ϭ 0.007), reaching levels not different (P ϭ 0.09) from those of control subjects.
Glucose-stimulated insulin and C-peptide responses were markedly reduced in type 2 diabetic subjects, regardless of the type of study (Table 3) . Similarly, AIR g was much lower in type 2 diabetic subjects, but no difference was observed when considering the total AUC of insulin and C-peptide in both groups and between both studies within groups. This means that type 2 diabetic subjects had lost the early phase but were still able to release an amount of hormone similar to that of control subjects during the second longer phase (see C-peptide AUC from 20 to 180 min in Table 3 ). In summary, none of these indicators of ␤-cell function were affected by alcohol in any group.
S i was significantly lower in type 2 diabetic subjects (Table 3) . Alcohol increased S i in both groups, such that the S i of type 2 diabetic subjects became not significantly different from that of control subjects after alcohol (P ϭ 0.083) and virtually similar to that of control subjects in the control study (P ϭ 0.662). No correlation was found between S i and lactate (r ϭ Ϫ0.11; P ϭ 0.55), whereas a negative regression was found between S i and FFA (r ϭ Ϫ0.36; P ϭ 0.04). The disposition index, which was significantly lower in type 2 diabetic than in control subjects, was increased with alcohol in both groups, although it remained lower in type 2 diabetes. No significant differences were observed in glucose effectiveness.
CONCLUSIONS -T h e p r e s e n t study shows that alcohol intake improves insulin sensitivity and glucose tolerance in type 2 diabetic subjects, and this amelioration is proportionally greater compared with matched healthy volunteers. Moreover, alcohol in type 2 diabetic patients acts by increasing lactate and decreasing FFA without any direct action on insulin secretion.
Previous population studies consistently showed that light-to-moderate alcohol consumption is associated with an amelioration of glucose metabolism. Recently, we have shown that alcohol intake was positively correlated with insulin- mediated glucose uptake (27) ; the present study demonstrates a similar positive effect in type 2 diabetes. Alcohol has many different effects on carbohydrate metabolism, and results from different studies often have appeared contradictory (28) . However, in nondiabetic volunteers, alcohol has been reported to increase skeletal muscle insulin sensitivity. Unfortunately, persuasive data on type 2 diabetes has been lacking. This study convincingly shows that alcohol intake improves insulin action and the disposition index not only in healthy volunteers but also in type 2 diabetic subjects. Therefore, it is noteworthy that alcohol can overcome the state of insulin resistance, the typical metabolic feature of these patients, without affecting ␤-cell secretion. Indeed, studies have shown that moderate alcohol intake with a meal has little or no effect on postprandial glycemic excursions (14 -19). This study for the first time specifically quantifies this improvement and offers some hypothesis for the alcohol-induced amelioration of insulin sensitivity. In the normal subjects, a plausible explanation comes from our FFA findings. We not only confirm that alcohol intake has an antilipolytic effect, but we extend this observation to diabetic patients despite their higher FFA levels. Therefore, we speculate that alcohol is able to improve substrate competition in both nondiabetic and diabetic subjects as supported by the inverse, albeit weak, correlation between S i and plasma FFA levels. It is unclear whether diabetic patients are more responsive to both the antihyperglycemic and antilipolytic effect of alcohol intake, justifying future studies. Lactate has been shown to be powerfully antilipolytic (29) . Therefore, the differential response to alcohol may partly be explained by the higher alcohol-induced lactate concentrations observed during the alcohol studies in type 2 diabetic subjects compared with control subjects. Another hypothesis may involve the role of the inhibitory effect of moderate alcohol intake on growth hormone secretion, but this effect has not been explored in the present study (30, 31) .
Figure 2-Time course of plasma glucose concentration during intravenous glucose tolerance test without (E) and with (F) alcohol consumption in control (A) and type 2 diabetic (B) subjects. Glucose bolus (0.3 g/kg) is given at time 0, and insulin (0.03 U/kg) is infused from 20 to 25 min. Insets show the comparison between the values of the total insulin area (10 3 pmol/l in 180 min) under the concentration curves (empty bars: without alcohol; solid bars: with alcohol); no significant difference was detected within groups.
Changes of insulin resistance occur without a significant effect of alcohol on ␤-cell secretion. No change in insulin secretory pattern was observed when estimated either as the AIR g or as the area under the C-peptide concentration curve in both groups. Therefore, alcohol does not cause significant acute modifications of ␤-cell function. We have previously shown that alcohol specifically enhances the sensitivity of the second-phase insulin secretion irrespective of the timing of alcohol administration (32) . The lack of an effect on ␤-cell secretory capacity may be determined by the modality of alcohol administration, i.e., slowly sipping versus acute load.
In the absence of a history of alcoholrelated problems or other contraindications, we would encourage the use of small amounts of alcohol to improve insulin sensitivity and, perhaps, stave off potential cardiac complications of diabetes. Our recommendations are supported by several large studies showing a reduced risk of coronary heart disease among diabetic patients who consume alcohol compared with those who do not.
Study limitations
This study assessed the effect of acute alcohol administration in daily consumers of moderate amounts of alcohol in type 2 diabetic and healthy subjects. Therefore, we did not provide information on how lactate and FFA concentrations are influenced by diabetes itself during alcohol intake in nondrinking diabetic patients. However, we elected to exclude from this study subjects who were not habitual drinkers to avoid the confounding effects of alcohol intoxication. This is an acute study, therefore, we can only provide information on the metabolic effect of this amount of alcohol only over a limited amount of time without knowing whether the same amount, administered chronically, could potentially affect blood pressure (33, 34) or other risk factors for coronary artery disease, such as triglycerides, which are known to be affected by alcohol (35, 36) . We also cannot determine whether the same amount of alcohol consumed in a more limited amount of time would have given differing results.
In conclusion, we have found that acute moderate alcohol consumption improves insulin action without affecting ␤-cell secretion in type 2 diabetic patients. This effect may be partly due to the inhibitory effect of alcohol on lipolysis. These evidences may explain previous findings that indicate that alcohol intake is associated with an amelioration in glucose metabolism. 
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